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ABSTRACT

New results of low velocity impact experiments in cubic and cylindrical (20 c¢m)
water ice targets initially at 257 and 81K are reported. Impact velocities and impact
energies vary between 0.1 and 0.64 km/s and 10° and 10 ergs, respectively. Observed
crater diameters range from 7 to 15 cm and are two to three times larger than values
found for equal-energy impacts in basaltic targets. Crater dimensions in ice targets
increase slightly with increasing target temperatures. Crater volumes of strength-
controlled ice craters are about 10 to 100 times larger than those observed for craters in
crystalline rocks. Based on non-dimensional analysis, general scaling laws for strength
controlled crater formation are derived and are applied to crater formation on the icy
Galiliean and Saturnian satellites. This analysis indicates that surface ages, based on
impact crater statistics on an icy crust, will appear greater than those for a silicate crust
which experienced the same impact history. The greater ejecta volume for cratering in
ice versus cratering in silicate targets leads to accelerated regolith production on an icy

planet.



Introduction

Voyager observations of the icy satellites of Jupiter and Saturn have revealed that
many of their surfaces are dominated by impact craters (e.g. Smith et al., 1979, 1981;
Morrison, 1982). Cratered surfaces are also characteristic of at least two of the four ter-
restrial planets. The major difference, which complicates comparison of cratering
phenomena, is the different material responses of icy and silicate crusts. Based largely
on the Voyager spacecraft data, we know that the crusts of the icy satellites contain
copious amounts of water ice at temperatures between 120K and 70K (Smith et al.,

1979, 1981; Gaffney and Matson, 1980).

A necessary prerequisite to understanding the evolution and the history of the icy
planets is knowledge of the pertinent impact mechanics in ice at low temperatures. In
contrast to cratering in silicate rocks, which has been studied extensively both via
impact and with explosives up to very large sizes (e.g. Roddy et al., 1977), data on
impact cratering in ice are scarce and only available for a limited size and energy range
(Croft et al., 1979; Croft, 1981; Lange and Ahrens, 1981, 1982a; Kawakami et al., 1983;
Cintala et al,, 1985). A basic limitation of these experiments lies in the fact that all of
these laboratory-sized craters must be regarded as being strength dominated and that
most of these craters (except for the present results) were obtained in ice at tempera-

tures higher than appropriate for the icy planets (i.e., mostly at temperatures between

~250 and 260K).

In the present paper we present cratering data obtained on H,O ice at 257 and 81K
over a range of energies from ~0.8 x 109 to ~1.6 x 10'° ergs. Generalized scaling rela-
tions have been developed using non-dimensional analysis which permit the applica.tioﬁ
of laboratory cratering data to large natural cratering events (Holsapple and Schmidt,
1982; Housen et al., 1983; Holsapple and Housen, 1985). Using this dimensionless sealing

analysis we attempt to relate the present data to planetary cratering.



Experimental Techniques

Impact experiments were performed on cubic (19 cm, length) and cylindrical (diam-
eter, 20 cm, height, 20 cm) water ice targets at 257K and 81K. These were impacted in
both confined and unconfined target blocks. Cubic targets at 257K were removed from
their plastic molds, whereas for the cylindrical targets at 257K and 81K, only the bottom
of the mold was removed leaving a brass sleeve (~0.64 cm thick) around the target dur-
ing the impact. Similar techniques were used in preparing the ice targets as described in
Lange and Ahrens (1981). Lexan (polycarbonate plastic) projectiles having a density of
1.2 g/cm3 and a mass of 8g were launched with a 20 mm chemical propellant gun to
velocities between 0.15 and 0.64 km/s and horizontally impacted the targets. Impact

energies ranged from 0.78 to 16.49 x 10° ergs. Experimental parameters are given in

Table I.

After each impact, the cratered targets were photographed and the major dimen-
sions of the crater were measured (Table I). The values for the rim diameter D in Table
[ are the means of 4 to 6 measurements of which D, and D,, are the minimum and
maximum, respectively. Hence, D is not necessarily the mean of D, and D, The
crater depth is the distance between the deepest point- inside the crater to the original
target surface. The crater volume V, was determined by filling the crater with fine
grained sand (mean grain size, 0.1 mm) to the level of the original target plane, weighing
the used sand and dividing the weight with the sand density (1.4 g/cm®). The crater

volumes are measured to within + 2 ¢cm?® by this method.

Each impacted target block was subsequently cut open. This allowed inspection of

cross sections of the block for impact-induced internal fracture patterns.




Results

Major results of the experiments are given in Table I. The one-dimensional peak
stresses p, of Table I, are determined by the impedance matching technique using equa-
tion of state data of ice I at 263K (Ahrens and O’Keefe, 1985) and Lexan (Carter and

Marsh, 1979).
1. Crater shape and morphology and internal fracture patterns.

The shapes of the experimental craters in water ice are, in general, highly irregular.
Figure 1 shows examples of craters in each of three experimental classes. These are (a)
unconfined at 257K, (b) confined at 257K, and (c) confined at 81K. It can be seen that
the crater shapes are in most cases (but primarily for the 257K shots) determined by the
spallation of target fragments along radial fractures centered at the impact point. Inter-
section of radial with concentric fractures lead to the breaking of larger fragments and
results in mean sizes of ejected particles generally not exceeding ~1 c¢m for the experi-
ments of 257K and <0.5 cm for the 81K targets. Target confinement generally prohi-
bits the formation of cracks originating at the edge of the target block (see Figure 1a).
There is an apparent slight increase of crater shape regularity in going from unconfined
257K targets to confined, 257K targets to confined 81K targets in Figure 1. However, in
a plot of mean crater diameter D, versus, maximum deviation § D, where § D = (D -
Duin) / D and 6 D = (D, - D ) / D, this trend is not clearly seen. Figure 2 shows that
there is neither a clear relation between § D and D, nor between 6 D and target tempera-
ture although the three largest values for § D are found for craters in confined 81K tar-

gets.

The interior morphology of each crater is generally very rugged and highly irregu-
lar. Almost all of the experimental craters have what appears to be a “central peak” or
“central pit”’ (at the point where the projectile hit the target (Figure 1)). The origin of
this feature i1s not understood. One possible explanation is that the compression of tar-

get material, which is not subjected to sufficiently high tensile stress to be excavated is
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at a maximum at this point. This suggesté that a work hardening effects takes place in
ice.

The fracture pattern at the impacted target surface and inside the target resembles
that found in experimental craters in rock (e.g. Horz, 1969). We find essentially four
types of fractures in the target blocks: radial, concentric, and spall fractures (in all tar-
get types) and cracks not related directly to the crater, but subparallel to the near target
surface. The latter are evident for confined 81K targets (Figure 1c). The radial frac-
tures extend in most cases to the edges of the ice targets (or, alternatively, originate at
the edge of the block in the case of the unconfined targets) and are best developed in the

unconfined 257K targets where they represent the major fracture type.

Concentric fractures are prominent in the confined targets, at all target tempera-
tures. They have radii reaching the value of the target block radius. Spall fractures can
be seen in all ice targets, most clearly in the confined 257K targets which also show in
some cases incipient spallation of target portions on the surface opposite the impact
point (back spallation); in only one target, No. 610, back spall failure was actually

observed.

Dash-dotted circles in the cross sections of Figure 1 mark hemispheric portions of
the target with radius equal to D/2 and the limit of intense fracturing. It can be seen
that these circles enclose most of the fractures induced by the impact. The inner,
dashed circles included most of the highly fractured target portions just beneath the
crater floor. The ratios between the radius of the inner hemisphere to that of the outer
hemisphere (D/2) are probably related to stress wave attenuation and are equal to
approximately 0.7 for the unconfined and confined 257K targets and the confined 81K
target shown in Figure 1, respectively. However, in the case of the confined 81K target
(Figure 1c), the choice of the inner circle in the schematic cross section is somewhat arbi-
trary since the observed fractures pattern in the 81K targets may be, at least in part, a

result of the target preparation (Lange.and Ahrens, 1981).




2. Crater dimensions
(a) Crater diameter

Figure 3 shows the relation between mean crater diameter D and impact energy KE
for the present experiments. Also given are results for cratering experiments for ice
reported by Kawakami et al. (1983) and Cintala et al. (1985) and for basalt by Gault
(1973). In comparing the present results with those of Croft (1981) (not shown), we note
that Croft’s impact velocities cover a much wider range, reaching a maximum of 6.2
km/s. The general agreement between all of Croft’s data and the present results indi-
cates that the crater size is not very sensitive to impact velocity at least not in the
energy range of Croft’s (1981) and the present experiments (~5 x 10% - 10'° ergs). The
spall diameters of both Kawakami et al. (1983) and of Cintala et al. (1985) lie
significantly above the present results, while the pit diameters of Kawakami et al. (1983)
are in the range of those found in the present 81K targets. These discrepancies are
probably a result of different sample preparation at different laboratories and can at

present not further be resolved.

It can be seen that the crater diameters in the present ice targets lie at about a fac-
tor of two to three above the equal energy values for basaltic targets. This is an impor-
tant but expected result since the quasi static compression and tensile strength for basalt
(typical values lie at ~3 kbar; Handin, 1966) and ice at 213K (70 bar and 30 bar for
crushing and tensile strength, respectively, Hobbs, 1974) differ by about two orders mag-

nitude. Least square fits to our data were used to determine the constants ap, by in
Logjo D = ap + bp Log,o KE (1)

which are given in Figure 3. As can be seen, while the slopes (i.e. bp) of the diame-
ter versus energy relations are very similar for each of our target types, the crater diame-
ter for a particular impact energy is largest for unconfined ice targets at 257K and

slightly less for confined 257K and 81K targets. Hence, the crater diameter depends on
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both, target confinement and target temperature. The mean value of bp for all three of
the present target types (0.333) agrees with the value for cratering in basalt (0.370;
Gault, 1973) and sand (0.376; Moore, 1976). Its reciprocal equals 3.003 and is in excel-
lent agreement with a value of 3.0 expected on theoretically for strength dominated

crater formation (Gault et al., 1973).
(b) Crater depth versus crater diameter

Values of crater depth versus diameter in our experiments are given in Figure 4.
Also shown is the relation between depth and diameter for basaltic targets from Gault
(1973). Although the present data show a relatively large scatter, they generally follow
the same trend seen in basaltic craters. However, it appears that craters in ice are
slightly shallower than their basaltic counterparts for a given diameter; out of 15 data
points for ice crater, 13 lie below the line for craters in basalt. There is no clear correla-

tion of depth to diameter ratio with neither target type nor target temperature.

We interpret the results described above and in the previous section to imply that

. the diameters of the present experimental craters in ice at least in the case of the 257K

targets are mainly spall induced and that the crater depths are primarily controlled by
projectile penetration. Since these processes in turn depend on dynamic strengths of the
target we conclude that strength of ice increases with decreasing temperature, a result in

qualitative agreement with results of a number of quasi-static experiments described by

Hobbs (1974).
(¢) Crater volume

As a result of ice craters having larger diameters, the result shown in Figure 5 that
impact craters in ice have a volumes, one to two orders of magnitude greater than
craters in basalt for a given impact energy is expected. Slopes for the crater volume

versus energy relations are similar for ice and basalt. The parameters a, and b, in

LOglo VC = Ay + bv Logw KE (2)
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are obtained by least square fits to our data (unconfined 257K targets are excluded from

the analysis because of the unusually shallow crater 602) and are given in Figure 5.

Scaling Laws for Laboratory Cratering
(a) The strength dominated regime.

In the following we attempt to generalize our findings in terms of dimensional and
non-dimensional scaling laws. Recently, Mizutani et al. (1983) proposed a scaling of
laboratory produced craters up to the dimensions of larger natural, strength dominated,

cratering events by defining of the a “late-stage effective energy’, LE:
1 1
LE = > m (C, + 5 sv) (3)

Here, m and v are projectile mass and velocity, and C, and s are material parameters
relating shock wave velocity U; to particle velocity U, in the target:
U, =C, +sU, (4)

C, and s are given by Ahrens and O’Keefe (1985) as 1.317 and 1.526, respectively. Equa-

tions 3 and 4 relate the energy coupled, or delivered to the target, in terms of the target.

Hugoniot parameters. If crater dimensions are directly related to LE, then planetary
gravity presumably does not enter, and we are dealing with a strength controlled
phenomenon. When plotted on a logj, - log;o - scale, values of LE versus crater diameter

D allow specification of a strength controlled scaling law of the form:
D = 10°LEP (5)

Figure 6 gives LE versus D values of the present experiments (only the confined targets
are included in this and the following analysis) and scaling laws in the form of equation
(5) for the 257K and 81K targets. Also shown is the relation between LE and pit-
diameter as obtained by Kawakami et al. (1983). Kawakami et al. (1983) find that b =

2/5 fits this pit-diameter data for ice. Our values of b ~1/2 suggest that with
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increasing dependence of final crater diameters on strength, which is not explicitly
addressed by the ‘late stage effective energy’, the value of b increases. Kawakami et al.
(1983) use this relation between D and LE to devise scaling laws applicable to cratering

on Deimas and Callisto.
(b) Non-Dimensionalized scaling

Using the non-dimensional analysis of rock and ice cratering data Holsapple and

Schmidt (1982) and Holsapple and Housen (1985) define cratering efficiency as:

Vep
- 6
vy m ( )
and scaled crater radius
1/3
e = l’( £ ) (7)
m

where V is crater volume m is projectile (impactor) mass, and, p is target density. They

also define the following independent non-dimensional (pi) groups:

_ 2 (m/§)"®

T — 32282 8
Y

fa = —_ g

8 6Vi2 ( )

where v; is impact velocity, g is surface gravity, 6,, and a is projectile (impactor) density
and equivalent radius, respectively. Also, Y is some measure of target strength. Based
on experimental data, relations between cratering efficiency n, and 7y for gravity dom-

inated cratering or w3 for strength dominated cratering can be defined.
Ty = A (10)
mrf =B (11)

where A, B, «a, 3, are experimentally derived parameters. Table II gives values of =, =,

7o and w3, together with values of LE for the present experiments. Figures 7 and 8 show
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m, versus my and wj, respectively, as well as appropriate scaling laws. Also given in
Table II are the values of the appropriate constants needed to compute the particular m-
groups. The strength value Y for 257K ice is given by Lange and Ahrens (1982b) as the
dynamic tensile strength of ice. The value of Y for 81K ice is chosen to be twice as large
as Y for 257K ice based on results given by Ashley and Frost (1975), and Parameswaran

and Jones (1975).

Relation (10) is the most useful one with respect to crater scaling because once A
and o have been established, V, can be obtained by the following expression:

—a
V.= M| 399082 A 12
: p[ = (12

From this one obtains crater diameters via the following relations:

1 1/3
or
1/2
D— [%_\f?‘_] (14)

(Chapman and McKinnon, 1985) where H is the total depth of the crater.

Another approach is to use the relations between m. (eq. 7) and wy which allows

direct scaling of crater diameter D via:

1/3 ”
D=2r=2[ﬂ] 32285 © (15)
p Vi
based on a suitable scaling law of the form:
7rr7r-27 = C (16)

Figure 9 gives m, versus =, values for the present data and scaling of the form of equa-

tion (16) for 257K- and 81K-ice. As can be seen, the my versus m data can be very
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closely

fit by linear relations between log;omy and log;ym, and show less scatter than the m,
versus w, data. We also note the equivalence between the « values for 257K- and 81K-

ice and the fact that v = /3 a for 81K ice, in agreement with theoretical predictions.

In the following, we will estimate the boundaries for application of scaling laws (e.g.

12 to 15) based on the present laboratory data.

Scaling laws for natural cratering events
1. General

Laboratory experiments provide the data necessary to compute o, 8, v, A, B, C in
the general scaling laws given in equation (10), (11) and (16), which can be used in their
dimensional form (e.g. 12 to 15) to directly relate dependent and independent cratering

parameters.

Holsapple and Housen (1985) give an extensive review of existing laboratory and
field data on ice cratering. The basic difficulty with the small scale, low velocity labora-
tory cratering data lies in the fact that it is strength dominated and it cannot con-
clusively determine whether or not and to what extent they obey rate-dependent

strength scaling laws.

In light of their study, we conclude that the data base for the 81K ice which we
have extended beyond earlier reports (cf. Lange and Ahrens, 1982a) allows scaling laws
to be derived for strength dominated cratering at low temperatures as occurs on the
Galilean and Saturnian satellites. The basic condition to be satisfied is that the values

of ms and 73 to be used lie within the range of values, which are experimentally achieved.

Relations between dependent and independent 7 -groups for 81K ice are:

T = 3.87x107° (17)
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Ty = 1.40 (18)
7Sl = 0.05 (19)

(see figures 7 to 9).

In the present experiments we explored the range between ~9 x 107 to ~ 107 in
my values. The range of applicable 75 values can be extended over the range covered in
our experiments based on the following agreements. For large scale cratering events,
strength ceases to be of significant importance in determining crater size. Instead,
strength independent gravity scaling should be applied. Holsapple and Housen (1985)
give a relation between my and m, for gravity dominated cratering in ice. The present
values of 7 between 9 x 1077 and 107 correspond to values of 7, of ~6 x 10® and ~102
for gravity scaling in ice (Holsapple and Housen, 1985). If we assume that, as an
extreme model, large scale crater formation in ice can be described by strengthless and
cohesionless material properties, we can use a 7, - m, relations for water (Chapman and
McKinnon, 1985) to derive an even larger value of m, ~ 10* correspondingly to the
present 7, values of 9 x 107 (Schmidt, p. 45, communication). Based on the relation
between m, and w3 of the present data (equation 18), these estimates yield w5 values of
~3 x 10 and 2 x 1073 thus, extending the usable range of 3 values to ~ 10° to 3 x
1074,

2. Cratering on the Galilean and Saturnian satellites

Based on scaling relations (17) to (19) and on the range in 75 and 73 of:
9x107 < 1 <1070 (20)
and
3x107* < my < 10° (21)

we can now apply the explicit scaling laws (equations 12-15) to cratering events on the

icy Galilean and Saturnian satellites given a strength value Y for the target material
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(here assumed to be 340 bar; see above) and the density of the impactor § (we consider
both icy and silicate impactors with densities of ~1 g/cm® and ~3 g/cm?, respectively).
Equations (21) and (9) allow specification of permissible impact velocities to be used in

the present scaling:
0.2 km/s < v; < 10.6 km/s ice impactor (22)
for ice impactors and
0.1 km/s < v; < 6.1 km/s silicate impactor (23)

for silicate impactors. These velocities lie below estimates of ~12 to 25 km/s for crater-

ing on the Jovian and Saturnian satellites (Shoemaker and Wolfe, 1982).

The limits in impact velocity (22 and 23) are used to infer limiting impactor sizes,
a, to be used in the present scaling based on equation (8) and condition (20). Depending

on surface gravity, g, we find:
0.01 (m/sec)? < ga < 311 (m/sec)? (24)
for ice impactors and
2.8x1072 (m/sec)® < ga < 111 (m/sec)? (25)
for silicate impactors.

We now apply equations (12) and (15) to compute crater volume and crater diame-
ter as a function of impactor size for impact velocities between 0.5 and 10 km/sec. In
order to describe cratering counts on the Galilean and Saturnian satellites surface gravi-
ties of 0.1, 0.25 and 1.3 m/s® are assumed, corresponding to Mimos, Enceladus and
Tethys (g ~0.1), Dione, Rhea and Iapetus (g ~0.25) and Europa, Ganymede and Cal-
listo (g ~ 1.3). Figures 10a and b give the results for g=0.1 and 1.3. For comparison,
relations between 7, and 7, for water and dry sand as given by Chapman and McKin-
non (1985) were used to predict crater volumes in sand and water for impacts of ice pro-

jectiles at v; = 10 km/s. Moore et al. (1963) give crater volumes as a function of
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projectile energy for 31 experiments in basaltic targets. These results can be used to
derive a linear relation of the type of equation (2) with ay = -9.107 and by = 0.976. A

slightly different form of such a relation:
bv 1 2 bv

can be compared with relation (10): m,m5* = A. Using the definitions of x, and =, it fol-

lows that:
ﬂzA 2_g[£]1/3 -
m vi2 (S
which can be applied to:
4
a/3 l-—a
V., = A% m 3 g™@ (%mviz)a (27)
Comparison of (26) and (27) yields:
-1
55 13
A:=Av -p_ m 3 g—a (28)
and

Thus we can derive A and « from ay and by and obtain:
Ty 9 = 1.74x107°

for cratering in basaltic targets.

The slight discrepancies seen, when computed values of A, for the present ice tar-
gets, compared with those found in linear regression fits between my and my of the

present experiments, are due to numerical truncation errors.

We can also give crater volumes for basalt targets being impacted by basalt projec-
tiles at velocities of 10 km/s (Figure 10). As can be seen, while craters in cohesion sand

are slightly larger than craters in ice (keeping all other parameters the same), volumes of
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craters formed in basaltic targets are about a factor of 10 lower than those found in ice

(c.f. Figure 5).

In order to explore the effect of target porosity on crater formation in ice, a series
of computations for ice projectiles impacting ice targets with 0, 5 and 409 porosity at
10 km/s was performed (Figure 11). As can be seen, the effect of target porosity on
crater size is relatively small (in these calculations we neglected differences in impact

energy coupling).

Discussion and Conclusions

As shown in Figure 10, the major conclusion to be drawn from the present study is
that cratering efficiencies are significantly enhanced in icy targets as compared to their

rocky counterparts. This has two important implications.

For given series of impacting objects with a given size distribution, this will yield a
distribution of resulting cratering sizes significantly shifted towards larger craters on icy
crusts as compared with rocky (or basaltic) crusts. thus, relative ages of planetary sur-
faces based on crater size-frequency distributions will yield apparent older ages of ice
surfaces than those obtained for basaltic crusts. This conclusion must be qualified by
the following. The present results are strictly valid only for crater formation which
involves at least some target strength effect. Holsapple and Housen (1985) place the
boundary between strength dominated and gravity dominated crater formation at crater
radii of about 10 m. Even though the results in Figure 10 do not exceed this range, we
expect that craters of diameters larger than ~ 102 m should show only a minor strength
effect. In the gravity regime, it is only the velocity and density difference between the
projectile and target material which is expected to control final crater size at a fixed

planetary gravity.

Of greater importance are the observed crater volumes in ice targets which are

approximated a factor of 10 greater than those in basaltic targets. This will result in



-15 -

accelerated growth of a planetary regolith on icy planets relative to silicate planets.
Several authors (e.g. Passey and Shoemaker, 1982; Shoemaker et al., 1982) have pointed
out the importance of a thick regolith layer on the thermal regime of crust of the icy
Galilean and Saturnian satellites. The resulting thermal insulation will lead to lower
viscosity of the crust atmospheres of these objects which are expected to induce
enhanced relaxation of craters. Modeling the thermal and relaxation history of craters

on a regolith-covered icy satellite surfaces needs to be carried out.
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TABLE I

Target temperature T, impact velocity v; and impact energy KE,
peak one-dimensional pressure p, minimum, maximum and mean crater
diameter Dpig, Dpax, and D, respectively, crater depth h,

crater volume V., and crater depth to diameter ratio in experiments

Shot T, vi, KE, P, Duins Drmax D, h, V., h/D
No. K km/s 10° erg  kbar cm cm cm cm cm?®
unconfined
591 257 0.14 0.78 1.28 7.47 8.56 8.02 1.30 27.0 0.16
593 257 0.16 1.05 1.51 7.84 9.94 8.89 1.56 49.8 0.18
602 257 0.21 1.71 1.96 9.79 11.85 10.82 1.33 44.0 0.12
confined

610 257 0.23 2.07 2.17 8.23 11.50 9.71 1.50 56.3 0.15
615 257 0.32 4.27 3.27 10.78 12.90 12.00 2.18 110.7 0.18
618 257 0.27 2.81 2.64 8.93 11.30 9.94 1.72 60.1 0.17
619 257 0.50 9.95 5.44 13.14 17.78 15.46 3.72 386.3 0.24
608 81 0.24 2.37 2.34 6.37 9.51 8.12 1.49 28.2 0.18
613 81 0.34 4.85 3.52 7.54 11.71 10.13 2.00 61.9 0.20
616 81 0.20 1.62 1.91 6.76 7.70 7.24 1.20 20.0 0.17
617 81 0.23 2.23 2.26 6.11 9.28 7.57 1.15 19.5 0.15
849 81 0.64 16.49 7.43 11.8 15.5 14.21 2.2 132.6 0.16
851 81 0.46 8.53 4.96 11.9 13.1 12.50 1.8 -115.9 0.14
853 81 0.37 5.52 3.83 8.9 11.7 10.6 1.2 63.9 0.10
855 81 0.31 3.86 3.12 7.5 10.1 8.9 0.9 24.9 0.10



TABLE II: Dimensional and non-dimensional cratering data

Shot V;, km/s r,em V;cm® LE, 10ergs x) mY) (mx10%)? (mpx1071)®) Temperature

No. (K)
610 0.23 4.9 56.3 1.38 6.41 2.38 7.15 2.87 257
615 0.32 6.0 110.7 2.01 12.61 291 3.69 1.48 7
618 0.27 5.0 60.1 1.66 6.85 2.42 5.19 2.08 ”
619 0.50 7.7 386.3 3.42 44.00 3.73 1.51 0.61 "
608 0.24 4.1 28.2 1.45 3.21 1.99 6.57 5.28 81
613 0.34 5.1 61.9 2.16 7.05 2.47 3.27 2.63 »
616 0.20 3.6 20.0 1.18 2.28 1.75 9.46 7.60 "
617 0.23 3.8 19.5 1.38 2.22 1.84 7.15 5.74 "
849 0.64 7.1 132.6 4.56 15.10 3.44 0.92 0.74 ”
851 0.46 6.3 115.9 3.09 13.20 3.05 1.79 1.44 "
853 0.37 5.3 63.9 2.38 7.28 2.57 2.76 2.22 ”
855 0.31 14.5 24.9 1.94 2.84 2.18 3.94 3.16 4

Up = 0917 g/em®, m = 8.05 g
Na=120cm, §=1.119 g/cm®

9 Y(257K) = 170 bar, Y(81K) = 340 bar




Figure Captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Impact craters in ice at 257K and 81K. Shown are top view of the cratered
surface, cross-sections taken in the directions indicated by the arrows in the
top photo and schematic cross-sections showing major crack patterns. (a)

257K unconfined (b) 257K, confined (c) 81K, confined.

Minimum, maximum and mean values of impact crater diameter for

different target temperatures.

Crater diameter as a function of impact (projectile kinetic) energy for
cratering in ice. For comparison, data of Kawakami et al. (1983) and Cin-
tala et al. (1985) are shown together with results for cratering in basalt as

given by Gault (1973).

Crater depths, versus, crater diameter for experimental impact craters in

ice. Results for basalt (Gault, 1973) are also shown.

Crater volume versus impact energy for impact in ice and basalt (Gault,

1973; Moore et al., 1963).

Late stage effective energy versus crater diameter for experimental craters in

ice. Also shown are results of Kawakami et al. (1983) for pit-diameters.

Dimensionless m, versus my for present experimental craters in ice.




Figure 8:

Figure 9:

Figure 10:

Figure 11:

wy versus my for craters in ice. Strength Y was chosen to be 170 bar for

257K-ice (Lange and Ahrens, 1982b) and as 340 bar for 81K-ice.

7, versus my for cratering data in ice.

Crater volumes and crater diameter as a function of impactor size for ice
targets impacted by ice and rock projectiles. Crater volumes and diameters
for impacts of ice into water and dry sand, and impacts of basaltic projec-
tiles onto basalt targets are also shown. Planetary gravity for 0.1g (a) and

1.3g (b).

Crater volumes and diameters for impacts of ice projectiles onto ice with 10

km/s impact velocity; 0 to 40% porosity at differing planetary gravities.
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